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Abstract
Population genomic approaches, which take advantages of high-throughput genotyping, are powerful yet costly 
methods to scan for selective sweeps. DNA-pooling strategies have been widely used for association studies be-
cause it is a cost-effective alternative to large-scale individual genotyping. Here, we performed an SNP-MaP (sin-
gle nucleotide polymorphism microarrays and pooling) analysis using samples from Eurasia to evaluate the effi-
ciency of pooling strategy in genome-wide scans for selection. By conducting simulations of allelotype data, we 
first demonstrated that the boxplot with average heterozygosity (HET) is a promising method to detect strong se-
lective sweeps with a moderate level of pooling error. Based on this, we used a sliding window analysis of HET to 
detect the large contiguous regions (LCRs) putatively under selective sweeps from Eurasia datasets. This survey 
identified 63 LCRs in a European population. These signals were further supported by the integrated haplotype 
score (iHS) test using HapMap II data. We also confirmed the European-specific signatures of positive selection 
from several previously identified genes (KEL, TRPV5, TRPV6, EPHB6). In summary, our results not only re-
vealed the high credibility of SNP-MaP strategy in scanning for selective sweeps, but also provided an insight into 
the population differentiation. 
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Introduction
Natural selection, which influences the patterns of 
genetic variation and phenotypic diversity in various 
ways, is the driving force of Darwinian evolution (1, 
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2). Identification of genomic regions under natural 
selection can improve our understanding of human 
evolutionary and phenotypic diversity as well as fa-
cilitate the detection of functional regions of genome. 
With the rapid advances in genome-wide genotyping, 
“population genomics” has been applied to systematic 
scan for selection signals (3-10). Population genomics, 
with the empirical distributions of a given test statistic 
(such as FST, TDGEN, and LRH), provides a practical 
strategy for the precise and accurate identification of 
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candidates subject to selection. Although several sur-
veys have presented the initial maps of selection using 
large-scale variation datasets, high cost of ge-
nome-wide genotyping limits the widespread applica-
tion of population genomics in the study of human 
evolution. 
Single nucleotide polymorphism microarrays and 
pooling (SNP-MaP), an approach broadly applied in 
gene mapping of complex traits, is a cost-efficient 
alternative to individual genotyping (IG) in large 
samples (11). This method combines the strength of 
microarrays to genotype large numbers of SNPs and 
the strength of DNA pooling to genotype large sam-
ples by genotyping pooled DNA on SNP microarrays. 
Although the pooling variance is the major concern in 
practical application of SNP-MaP, pooled DNA can 
be genotyped reliably when a sufficient number of 
replication arrays are used (12-14).  
In this report, we first applied SNP-MaP strategy to 
discover evidence of selective sweep in datasets of the 
allelotyped SNPs from European samples. We also 
estimated the performance of the averaged heterozy-
gosity (HET) in detecting selective sweeps from al-
lelotype datasets by simulations with varying levels of 
pooling error. Then, we further verified the feasibility 
and accuracy of this SNP-MaP strategy by comparing 
the allelotype data, genotype data and corresponding 
coalescent simulation data.  
Results
Efficiency of outlier approach in datasets with
and without pooling error
Positive selection is expected to affect the site fre-
quency spectrum of the region with the favorable al-
leles. We hypothesized that regions subject to selec-
tive sweeps could be identified as outliers with an 
extreme low averaged HET by comparing to the em-
pirical distribution of genome. To test this hypothesis, 
we simulated datasets consisting of 1,000 genomic 
regions with varying strengths of selection using the 
program SelSim. Then, we selected a set of SNPs 
with an SNP density comparable to that of Illumina 
HumanHap300, and calculated the averaged HET for 
each 250-kb region. As expected, positive selections 
led a marked shift of candidate regions toward lower 
diversity levels (Figure 1A). Further statistic test 
(Mann-Whitney U test, MWU) showed considerable 
difference among the averaged HETs of selection and 
neutral datasets (P<10í10). 
Furthermore, we mimicked the selection and neu-
tral datasets of SNP-MaP with different pooling errors 
[pooling standard deviation (PSD)=0.08, 0.04, 0.02, 
and 0.01, respectively]. These simulations demon-
strated that the ability of the averaged HETs to detect  
 
Figure 1 Summary of the averaged HETs in simulated datasets with varying values of pooling errors. The x-axis denotes the values 
of selection strengths in simulations. The boxplot method shows the most extreme values of averaged HETs (maximum and mini-
mum values), the lower and upper quartiles, and the median in IG (A) and SNP-MaP datasets (B). The median for each dataset is 
indicated by the centerline, and the first and third quartiles are represented by the edges of the area, which is known as the in-
ter-quartile range (IQR). The extreme values (within 1.5 times of the IQR from the upper or lower quartile) are represented by the 
ends of the lines extending from the IQR. Points at a greater distance from the median than 1.5 times of the IQR are plotted individu-
ally as circles. 
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selective sweep increased with the decrease of the 
pooling error in the dataset (Figure 1B). When the 
pooling error is moderate (PSD=0.02 or 0.01), the 
boxplot approach resulted in an enrichment of the 
regions under positive selection. Consistent with the 
results of simulations without pooling error, boxplot 
identified most candidate regions (>75%) as outlier 
when the strength of selection was large than 100 and 
the context of PSD was less than 0.02. These results 
suggested that the boxplot with averaged HET could 
detect strong selective sweeps (st100) in SNP-MaP 
datasets with reasonable power. 
Scanning for selection sweeps using allelotype 
dataset from the Europeans
To evaluate the feasibility of the outlier approach in 
real SNP-MaP data, we applied a sliding window 
analysis to allelotype and genotype data of HapMap 
CEU samples (60 unrelated individuals). We calcu-
lated the averaged HETs of 250-kb window across 
autosomes, and compared the averaged HETs esti-
mated from SNP-MaP and IG data. Although the 
mean value for the differences of averaged HETs was 
larger than zero (0.050; t-test, P<10í35), a strong cor-
relation between two datasets was observed (R2=0.895, 
Figure 2). Furthermore, the pooling error estimated 
from windows containing at least 20 SNPs was less 
than 0.01 (PSD=0.008), which also suggested that 
SNP-MaP data could be used to scan for the signal of 
positive selection. 
As a result, we applied 262,837 windows for fur-
ther analysis, each of which contained at least 20 
SNPs. The empirical distribution of the averaged 
HETs significantly departed from the normal distribu-
tion because of the asymmetry tails at low values 
(Figure 3A, Jarque-Bera test, P<10í10). In addition, 
we compared the empirical distribution of allelotype 
data with those of the best-fitting demographic model 
(15). The quartile-quartile (QQ) plot suggested that 
CEU allelotype dataset has departed from the neutral 
assumptions, most likely due to the positive selection 
(Figure 1B). 
To reveal the signals of positive selection, we ap-
plied the boxplot method to calculate chromo-
some-specific thresholds for the outlier detection, and 
identified a large proportion of low averaged HET 
windows (4,671, 1.78%). These widows frequently 
occurred in clusters, being defined as two or more 
contiguous outliers. In total, there were 467 unique 
clusters, encompassing almost all outliers (4,540/ 
4,671). In particular, although no cluster contained 
more than 20 outliers in the simulated dataset, we did 
identify 63 large contiguous regions (LCRs) in the 
CEU samples (Table S1), as described in Materials and 
Methods. One potential explanation for clustering of  
 
Figure 2 Comparison of the averaged HETs of 250-kb window between allelotype data and IG data from HapMap CEU samples. A. 
The difference of the averaged HET between allelotype and IG datasets vs. the number of loci located in the corresponding window. 
B. Comparison of the averaged HETs for the genotype (x-axis) and the allelotype datasets (y-axis). The black crosses represent the 
500 top-ranked SNPs with the largest difference of the averaged HETs. 
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Figure 3 Genome-wide empirical distribution of the averaged HETs from CEU samples and its comparison with that of neutral 
simulation data. A. The genome-wide empirical distribution of the 250-kb window-averaged HETs departed from a normal distribu-
tion. B. Comparison of the distributions between empirical data and neutral simulation data performed by QQ plot. Quartile points of 
the neutral simulation data were plotted on the x-axis in the QQ plot. 
 
candidate windows is genetic hitchhiking/selective 
sweep (i.e., the effect of positive selection on linked 
neutral variation). This assumption was further sup-
ported by the integrated haplotype score (iHS) test 
using the HapMap II dataset. Large proportion of 
LCRs (47, 74.6%) contained a significant excess of 
SNPs with |iHS|>2 (Fisher’s exact test, P<0.01), 
which suggested that most of the selection events de-
tected by our approach occurred recently. 
Discussion
As suggested by previous research, the magnitude of 
the PSD is an important factor affecting the efficiency 
of pooling compared with IG (13). Our results showed 
that the boxplot analysis could help to detect strong 
selective sweeps (st100) with a reasonable sensitivity 
when PSD was close to 0.01. In this study, the PSD of 
HET values was estimated using both pooling and IG 
data from CEU samples. The PSD of single-locus 
HET was 0.06, and this value could be reduced by 
combining data from several adjacent markers. Our 
result showed that the PSD of the averaged HET 
dropped substantially with the increase of window 
sizes; therefore, a 250-kb window (PSD=0.012) was 
chosen to scan for candidates under selective sweep. 
The efficiency of the boxplot strategy with aver-
aged HET was also validated by the empirical distri-
butions of CEU population. Not only a high propor-
tion of outliers but also large candidate regions were 
detected in the allelotype dataset than in its neutral 
simulation data (t-test, P<0.01). Most of these regions 
were further identified as candidates under recent 
positive selection supported by HapMap II dataset 
(Fisher’s exact test, chi-square test, P<0.01) (9).  
Identifying candidate regions in the human genome 
can provide important clues for genotype/phenotype 
research. For example, TRPV6 and TRPV5 play an 
important role in the route of dietary calcium uptake, 
lying within an LCR in allelotype datasets. This clus-
ter of genes across chromosome 7q34-35 (KEL, 
TRPV5, TRPV6, and EPHB6) also exhibited complex 
signals of natural selection in previous studies (9). 
Our study provides a comprehensive assessment of 
scanning for selection sweeps using SNP-MaP data, 
and demonstrates the feasibility and replication of the 
boxplot approach in detecting large genomic regions 
subject to natural selection using different population 
samples. On the other hand, although our map gave 
insights into the functionally important polymor-
phisms, several well-known genes under selection in 
Europe were not identified in candidate regions due to 
lack of enough genomic coverage. For example, the 
LCT gene was located within “blank” regions with the 
extreme low density of allelotyping SNPs. These re-
sults suggest that the power of our analyses is limited 
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by the coverage of genomic scans, and that we may 
need to increase the SNP number in the future popu-
lation genomic research. 
Materials and Methods 
Data collection
Publicly available allelotype data of Caucasians of 
European descent were downloaded from Sebastiani 
et al (16). Eventually, 303,894 autosomal SNPs were 
obtained from this dataset. The genotype data of the 
corresponding markers were downloaded from the 
HapMap website (HapMap Phase II/rel#21a; 
http://www.hapmap.org/) (8). In addition, the ge-
nome-wide iHS for the HapMap Phase II were 
downloaded from the Pritchard Lab website 
(http://haplotter.uchicago.edu/) (9), and then mapped 
to the corresponding locations on NCBI build 35. 
Population genetic analysis
HET was applied to measure the levels of the nucleo-
tide diversity (17). For the sliding-window analysis, 
the averaged HET of all segregate loci for certain 
window was calculated. A series of 250-kb sliding 
windows, with a step of 10 kb, were set to analyze 
across all autosomal regions. That is, the first window 
evaluated on chromosome 1 was genome coordinates 
chr. 1, 1-250,000; the second window was genome 
coordinates chr. 1, 10,001-260,000; and so on. In ad-
dition, windows containing less than 20 polymorphic 
loci were excluded from our analyses to eliminate the 
biases caused by the differences in SNP number 
among windows. Based on the empirically distribu-
tion of the number of SNPs, 262,837 sliding windows 
were obtained in the Europe dataset.  
To identify outlier regions or windows with con-
siderable low nucleotide diversity, we firstly deter-
mined the IQR (18) based on empirical distributions 
across the particular chromosome: 
 IQR = FU í FL (1) 
where FL is lower quartile values and FU is upper 
quartile values. Then the threshold values (UL and LL) 
were defined as within 1.5 times of the IQR from the 
upper or lower quartile: 
 UL = FU + 1.5 × IQR (2) 
 LL = FL í 1.5 × IQR (3) 
Low averaged HET values at a greater distance 
from the median than 1.5 times of the IQR are plotted 
individually representing potential outliers. 
The empirically determined distribution of aver-
aged HET within the sliding windows was used to 
identify LCRs, defined as a region of more than 20 
contiguous windows, where over 75% of the windows 
were outliers. 
Coalescent simulations 
To obtain genomic regions under selective sweeps, 
coalescent simulations were performed using the pro-
gram SelSim (19). We assumed that the advantageous 
mutation follows a stochastic trajectory, and set the 
strength of selection as the population selection coef-
ficient (į=2Nes=0, 20, 100, and 200). Other parame-
ters of the simulations were the population mutation 
rate (4Neμ=100) and the population recombination 
rate (4Ner=100). In these formulas Ne denotes the ef-
fective population size, s denotes the selective advan-
tage of the beneficial mutation per copy per genera-
tion, μ denotes the mutation rate per site per genera-
tion, and r denotes the recombination rate per site per 
generation. We set an effective population size of 104, 
a mutation rate of 10í8 per base per generation, and a 
recombination rate between base pairs of 10í8 per 
base per generation. For each simulation, 120 chro-
mosomes were generated.  
To obtain mimicked data of the allelotyped SNPs 
for the CEU samples, coalescent simulations of neu-
tral evolution with the best-fitting demographic model 
of Schaffner et al was firstly performed using the 
program COSI (15). In this simulation program, re-
combination rate varied within the simulated regions 
(5 Mb). The simulation runs were replicated 600 
times and all the simulated regions were connected to 
make chromosomes with the length of ~3 Gb. Then, 
in order to imitate the SNP selection in Illumina Hu-
manHap300K, we determined the probabilities that 
SNPs were “allelotyped” according to the minor allele 
frequency spectra in the simulation and the CEU data 
from Illumina HumanHap300K chip. Finally, we ob-
tained a set of SNP data from the simulation, and con-
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structed allelotyped data from the haploid data.  
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